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PhenolAbstract Non-noble metal Ni with different loadings was coated on precipitated CeO2–ZrO2
support by the sonochemistry method and examined for catalytic wet air oxidation of phenol.
The structure of the nanocatalysts was determined by BET, FESEM, XRD, and FTIR analyses.
The results showed non-uniform morphology of the nanocatalyst at lower Ni contents changed
to homogenous morphology with spherical nano particles at higher Ni contents. While the size
of NiO crystals remained constant with rising Ni content, the crystallinity of NiO signiﬁcantly
increased. If the crystallinity of NiO was 100% in 20% wt Ni/CeO2–ZrO2, the crystallinity of
NiO in 5% wt Ni was found to be 41.13%. The average particle size in Ni(15%)/CeO2–ZrO2
was 77 nm in which 85.71% of particle diameters were less than 100 nm. Catalytic wet air oxidation
of phenol with different Ni loadings indicated improvement of phenol destruction at higher
amounts of active phase. Removal of phenol increased with increasing catalyst loading from 4 to
9.0 g/l but further increase to 10 g/l declined the catalyst reactivity.
ª 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
As a result of stricter environmental regulations, wastewater
treatment has become a major issue (Besson et al., 2000).
Many wastewaters originating from chemical, pharmaceutical
and petrochemical industries have phenol contaminations (Lin
et al., 2003), conferring a heavy burden to the environment.
Phenol and its derivatives are known to be detrimental to
human health and aquatic life and they will give water a
particularly disagreeable taste and odor even at concentrations
below 0.001 mg/l (Pintar and Levec, 1994).t used in
2 M. Parvas et al.Catalytic wet air oxidation (CWAO) is known as an effec-
tive process to treat high concentrated organic wastewaters,
which is too concentrated for practical biological remediation
and too dilute for economical incineration and recovery (Gao
et al., 2013; Hua et al., 2013; Li et al., 2013; Vallet et al.,
2013; Wang et al., 2008). CWAO consists in the total oxidation
of the organic species present in efﬂuents to CO2, N2 and H2O
under relatively mild conditions of temperature and pressure,
using oxygen or air as the oxidizing source, provided that a suit-
able catalyst is used (Gomes et al., 2008; Parvas et al., 2014).
Using proper catalysts for catalytic wet oxidation (CWO) not
only reduces the severity of reaction conditions but also decom-
poses even refractory pollutants (Kim et al., 2009; Mishra et al.,
1995). Homogenous transition metals (Fe2+, Cu2+) may be
suitable catalysts, but the dissolved ions need to be separated
at the end of the process (Besson et al., 2000). Heterogeneous
catalysts presenting high activity and stability have been inves-
tigated over the years (Arena et al., 2010; Delgado et al., 2012;
Kim and Ihm, 2011; Tran et al., 2011; Wei et al., 2013; Yang
et al., 2010), since they can be easily removed by ﬁltration from
the treated solution (Gomes et al., 2008). Carbon materials,
transition metal oxides and CeO2-based catalysts were also
implemented in the CWAO of organic compounds and exhib-
ited good performances (Yang et al., 2010). The advantage of
non-noble metal oxide catalysts is their inexpensiveness, but
catalytic activity is relatively low. Moreover the active compo-
nent of non-noble metal catalyst is largely leaching, therefore,
non-noble metal catalysts mainly are focused on improving
their stability (Jing et al., in press). Transition metal oxide cat-
alysts are widely studied as an alternative in the CWAO process
even if they show rather lower activity than noble metals
(Arena et al., 2010; Gomes et al., 2005; Kim et al., 2009). The
solution of this problem is using some efﬁcient supports with
a better capacity to activate oxygen and facilitating the oxygen
transfer from the dissolved phase to the active sites (Kim et al.,
2009). TiO2, CeO2 and ZrO2 were proved to be stable and easily
available supporting materials (Wang et al., 2008). The addi-
tion of ZrO2 to CeO2 can improve its oxygen storage capacity,
redox properties, thermal resistance and its catalytic activity at
low temperatures (Pengpanich et al., 2004). CeO2–ZrO2 solid
solution with high oxygen mobility is widely applied in exhaust
gas puriﬁcation, removal of organic compounds from wastewa-
ters, reforming of hydrocarbon, and water gas shift reaction
(Kambolis et al., 2010; Kim et al., 2009; Pengpanich et al.,
2004).
As reported the synthesis method could affect the physico-
chemical properties of the catalysts (Allahyari et al., 2014;
Charghand et al., 2014; Ebrahimynejad et al., 2014). Accord-
ing to the direct effect of the synthesis method on the stability
and activity of the catalysts, the sonochemistry method is
proposed as a suitable method for settling of metallic nanopar-
ticles on the different supports without damaging to their
structure (Khoshbin and Haghighi, 2014; Rahmani et al.,
2014b; Shariﬁ et al., 2014). Ultrasound can enhance and
promote dispersion of the active metal on the carrier, thus
improving the catalytic performance of the catalyst (Estifaee
et al., 2014; Liu et al., 2010; Rahmani et al., 2014a). To the best
of our knowledge, the application of ultrasound in the prepa-
ration of Ni/CeO2–ZrO2 nanocatalyst has not been previously
studied.
Therefore in our research, Ni/CeO2–ZrO2 nanocatalyst was
prepared sonochemically and its structure was examined byPlease cite this article in press as: Parvas, M. et al., Catalytic wet air oxidation of p
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of this nanocatalyst in the CWAO of phenol was investigated
as well. The inﬂuence of transition metal content and nanocat-
alyst loading on phenol conversion were investigated using
batch reactor experiments.
2. Materials and methods
2.1. Materials
The following chemicals were employed for the preparation of
nanocatalysts: cerium nitrate (Ce(NO3)3Æ6H2O; 98.5%) as
support precursor, nickel chloride (NiCl2Æ6H2O; 89%) as
active phase precursor, ammonia (NH3; 33%) as precipitant
and phenol (100% purity) as pollutant are purchased from
Merck. Zirconium nitrate (ZrO(NO3)2Æ6H2O; 99%), as sup-
port precursor was purchased from Aldrich.
2.2. Preparation and procedures
The schematic ﬂow chart for the preparation steps of Ni/
CeO2–ZrO2 nanocatalysts synthesized via co-precipitation
and ultrasound assisted methods is shown in Fig. 1. At ﬁrst
(Fig. 1a), the mixed oxide support of CeO2–ZrO2 with Ce/Zr
molar ratio of 3:1 as support was prepared via co-precipitation
method. Appropriate amounts of nitrate salts (cerium nitrate:
Ce(NO3)3Æ6H2O and zirconyl nitrate: ZrO(NO3)2Æ2H2O) were
dissolved in deionized water (Ni: 0%, 5%, 10%, 15%, 20%
in catalyst). The precipitate of Ce(OH)3–Zr(OH)4 was
obtained by adding aqueous ammonia (28%) drop wise into
a mixed aqueous solution at room temperature with stirring
until the pH of the mother liquor reached about 9.0. The pre-
cipitate was ﬁltered and washed with distilled water, and then
dried at 110 C overnight. Finally, ceria–zirconia mixed oxide
was obtained by calcination in air ﬂow at 450 C for 6 h.
In second stage (Fig. 1b), transition metal (Ni) was put on
CeO2–ZrO2 loaded by different percentages of active phase (5,
10, 15 and 20 wt%). These nanocatalysts were prepared by
the sonochemistry method using an aqueous solution of
NiCl2.6H2O and the prepared CeO2–ZrO2 support. Sonication
was carried out on a SONOPULS HD 3200. The slurry
irradiated with a high-intensity ultrasonic employing a direct
immersion titanium horn of 1 cm2 (20 kHz, power output
90 W/cm2) which was inserted 1 cm below the solution, under
a ﬂow of argon for 45 min. The sonication ﬂask was ﬁxed in a
water bath at room temperature (20–25 C) during the
reaction, whereas the temperature inside the sonication ﬂask
was around 60–70 C. Then, the mixture was dried at 110 C
for 12 h. After drying, the precipitate was calcined in air at a
temperature of 500 C for 5 h.
2.3. Characterizations
The crystal structures of mixed oxide were conﬁrmed by means
of a diffractometer SIENENF B5000: Advance-D8 using
Cu-Ka radiation. Intensities were obtained in the 2h range
between 20 and 90 with a scanning speed of 0.04 per second.
The average crystallite size of nanocatalyst was estimated
using the Debye–Scherrer equation:
D ¼ 0:90k
b cos h
ð1Þhenol over ultrasound-assisted synthesized Ni/CeO2–ZrO2 nanocatalyst used in
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(a) CeO2-ZrO2 synthesis via co-precipitation method
Ultrasound assisted dispersion of active phase on support: 90W for 45 min
Active phase/Support aqueous solution
Drying at 110°C for 12 h under air flow
Calcination at 500°C for 5 h under air flow
Dionized water
Synthesis medium
Nanocatalyst: Ni/CeO2–ZrO2
NiCl2.6H2O
Nickel precursor
Support
(b) Addition of active phase to support using ultrasound energy
Cerium nitrate and Zirconium nitrate solution
Dionized water Ce(NO3)3.6H2O
Filtration/washing using deionized water
Drying at 110°C for 12 h under air flow
Calcination at 450°C for 6 h under air flow
Zr(NO3)2.6H2O Ammonia solution: 28%
Co-precipitation: Drop-wise simultaneous addition of
ammonia solution to nitrates solution at room temperature
until PH =9.0±0.2 while continuous stirring
Reaction medium PrecipitantZirconium precursorCerium precursor
Support: CeO2-ZrO2
Figure 1 Schematic ﬂow chart for the preparation steps of Ni/CeO2–ZrO2 nanocatalyst synthesized via co-precipitation and ultrasound
assisted methods.
Catalytic wet air oxidation of phenol 3where D is the crystallite size (nm), k is the wavelength
(k= 0.154056 nm), b is the corrected full width at half
maximum (radian) and h is the Bragg angle (radian). The
samples were characterized at acceleration voltage of 15 kV.
Morphology and particle size of the nanocatalysts were
observed by Field Emission Scanning Electron Microscopy
(FESEM, HITACHI S-4160) analyser. The BET surface area
was determined using a CHEMBET-3000 (Quantachorom)
apparatus from adsorption of nitrogen at relative pressure
between 0.05 and 0.3.
FTIR technique was used at Fourier Transform-Infrared
Spectrophotometer (Unicam 4600) to identify the surface
functional groups on the nanocatalysts. The samples were
characterized at wavelength between 400 and 4000 cm1.
2.4. Experimental setup for catalytic wet air oxidation
The oxidation experiments were carried out at an atmosphere
of O2 in a 200 ml autoclave equipped with a magnetically
driven impeller. The cylinder reactor was made of SS-316
stainless steel. It was equipped with a Teﬂon liner to prevent
severe corrosion problems. A thermal sensor and external
heating element are also provided in the reactor for tempera-
ture control with an accuracy of ±1 C. Typically, in anPlease cite this article in press as: Parvas, M. et al., Catalytic wet air oxidation of p
wastewater treatment. Arabian Journal of Chemistry (2014), http://dx.doi.org/10.10oxidation run, 100 ml of aqueous solution, containing the
pollutant (1000 g/l of phenol) and the desired amount of nan-
ocatalyst powder were loaded inside the cold reactor. After
5 min ﬂushing with O2, the reactor heated to the reaction tem-
perature. After it was sealed, the reactor was rapidly heated to
the desired temperature. Initial O2 pressure was 1 atm. The
operating temperature was chosen to be 160 C. The mixer
was set at 800 rpm to minimize the interfacial mass resistance
between the gas and liquid phase and to ensure uniform tem-
perature and concentration proﬁles in the liquid phase. The
nanocatalyst loading in reactor (gr) and active phase loading
on support (%) were varied over wide experimental intervals.
Once the set temperature was achieved, the time of reaction
was initialized and was deﬁned as the start time (t= 0). Each
run lasted for 3 h. At the end of the reaction, liquid samples
were withdrawn, rapidly cooled, centrifuged to remove any
catalyst particle in the liquid samples and analyzed. The
phenol concentration of each sample was determined using
UV–Vis. detector. The UV–Vis. detector was used with a
272 nm wavelength. The conversion of phenol (%) was calcu-
lated using the Eq. (2).
Phenol conversion ð%Þ ¼ ½PhOHi  ½PhOHf½PhOHi
 100 ð2Þhenol over ultrasound-assisted synthesized Ni/CeO2–ZrO2 nanocatalyst used in
16/j.arabjc.2014.10.043
4 M. Parvas et al.where [PhOH]i and [PhOH]f are the initial and the ﬁnal con-
centrations of phenol (mol l1), respectively.
3. Results and discussions
3.1. Nanocatalysts characterization
3.1.1. XRD analysis
Fig. 2 shows the XRD patterns of CeO2–ZrO2 support and
Ni/CeO2–ZrO2 nanocatalysts with different Ni loadings. The
peaks at about 2h= 37.3, 43.4, 63.0, 75.6 and 79.6 indi-
cated existence of Ni as cubic NiO phase. There is no individ-
ual tetragonal ZrO2 peak. The main CeO2 peaks (2h= 28.8,
33.2, 47.7, 56.6, 59.4, 69.8, 77.1, 79.5 and 88.9) shifted
slightly to higher diffraction angles due to the substitution of
the Ce4+ atoms (1.09 A˚) by the smaller Zr4+ atoms (0.86
A˚). The crystallite size of CeO2 and NiO crystals was in the
range of 10.4–13.3 nm and 21.4–21.7 nm, respectively, calcu-
lated from the X-ray line broadening technique employing
the Scherrer equation (Table 1). The peak intensity of NiO
became obviously stronger with increasing Ni loading suggest-
ing that at a low Ni loading, NiO was present in the form ofFigure 2 XRD patterns of Ni/CeO2–ZrO2 nanocatalysts with differen
Please cite this article in press as: Parvas, M. et al., Catalytic wet air oxidation of p
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ated particles of NiO were present (Biswas and Kunzru, 2007;
Pengpanich et al., 2004).
Fig. 3 demonstrates relative crystallinity of NiO peaks at
different Ni contents. With rising in Ni content, a growth in
crystallinity of NiO was observed. If the crystallinity of NiO
was 100% in 20% wt Ni/CeO2–ZrO2, the crystallinity of
5% wt Ni was 41.13%.
3.1.2. FESEM analysis
FESEM micrographs of CeO2–ZrO2 support and NiO/CeO2–
ZrO2 nanocatalysts with different Ni loadings and different
magniﬁcations are illustrated in Fig. 4. The CeO2–ZrO2 mixed
oxide had a uniform morphology with good particle distribu-
tion. The CeO2–ZrO2 particles were spherical and small in
the nanometric range. The introduction of Ni changed the
morphology signiﬁcantly. At 5% wt Ni, a non-uniform
morphology was observed. Big agglomeration of particles with
irregular shape and size exists in this nanocatalyst. With
increasing Ni content, big particles were converted to smaller
ones. It seems increasing the Ni active phase content improves
the structure of nanocatalyst particles. The particles got(a)
(b)
(c)
(d)
(e)
t loadings of nickel (a) 0%, (b) 5%, (c) 10%, (d) 15% and (e) 20%.
henol over ultrasound-assisted synthesized Ni/CeO2–ZrO2 nanocatalyst used in
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Table 1 Structural properties of CeO2–ZrO2 support and Ni/CeO2–ZrO2 nanocatalysts with different loadings of nickel.
Catalyst/support Ni (wt%) SBET
a (m2/g) Crystallite sizea (nm)
NiOb CeO2
c ZrO2
d
CeO2–ZrO2 0 62.7 – 10.4 ND
e
Ni/CeO2–ZrO2 5 26.3 21.7 13.0 ND
Ni/CeO2–ZrO2 10 32.7 21.7 10.4 ND
Ni/CeO2–ZrO2 15 13.7 21.4 13.3 ND
Ni/CeO2–ZrO2 20 24.6 21.5 13.3 ND
a Crystallite size estimated by Scherre’s equation.
b Crystallite phase: cubic, JCPDS number: 01-073-1519.
c Crystallite phase: cubic, JCPDS number: 01-075-0076.
d Crystallite phase: tetragonal, JCPDS number: 01-080-0784.
e Not detected.
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Figure 3 Relative crystallinity of NiO over CeO2–ZrO2 with
different loadings of nickel.
Catalytic wet air oxidation of phenol 5spherical and a good homogeneity was noticed. The efﬁciency
of the ultrasound was proper and a good nucleation occurred
during synthesis that created small and uniform particles. At
very loaded Ni content (20% wt), the spherical particles disap-
peared again. Although the particles in 20% wt Ni were small
but distinct clarity in borders of particles did not exist
anymore. It seems the concentration of Ni precursor was too
high for the applied power of ultrasound; therefore sonication
efﬁciency was not enough for dispersion of Ni particles
individually over the support. According to the literature,
the agglomerates of particles can be classiﬁed as ‘‘soft’’ or
‘‘hard’’, the ‘‘hard’’ agglomerates consisting of close-packed
particles with high densities that agglomeration in Ni nanocat-
alysts is of this kind.
Fig. 5 shows particle size histogram of Ni/CeO2–ZrO2 nan-
ocatalyst with 15% loading of nickel. A relatively narrow par-
ticle size distribution was observed. The average particle size
was 77 nm and 85.71% of particle diameters were less than
100 nm. Considerable amount of particles had sizes in the
range of 50–60 nm that shows successful preparation of Ni/
CeO2–ZrO2 nanocatalyst with the sonochemical method.
3.1.3. BET analysis
Table 1 illustrates the speciﬁc BET surface area of the synthe-
sized support and nanocatalysts. The speciﬁc surface area of
the CeO2–ZrO2 support was 62.7 m
2/g. This surface area isPlease cite this article in press as: Parvas, M. et al., Catalytic wet air oxidation of p
wastewater treatment. Arabian Journal of Chemistry (2014), http://dx.doi.org/10.10comparable to those reported by Biswas and Kunzru (2007)
and Liang et al. (2008). After metal addition, a decrease in
BET value is observed for CeO2–ZrO2 support, presumably
due to pore blocking by active metals.
3.1.4. FTIR analysis
Fig. 6 shows the recorded FTIR patterns of CeO2–ZrO2
support and NiO/CeO2–ZrO2 nanocatalysts with different
loadings of transition metal. These ﬁgures illustrate the IR
spectra of these samples before catalytic reaction. The nano-
catalysts displayed infrared absorption bands at 415, 1400
and 1620 cm1. The characteristic peaks were assigned as fol-
lows: The bands at 1400 cm1 are the stretching vibration
absorption spectra of H–O. The band at 1625 cm1 is assigned
to the deformation vibration mode of the adsorbed water
(Abbasi et al., 2011; Pae et al., 2006; Saberi et al., 2008). No
peak of chloride precursor has ever appeared in the pattern,
which shows that chloride precursor can be completely
removed by repeatedly washing with water. Surprisingly no
peak at 3450 cm1 was found indicative of hydrogen-bonded
O–H species.
The peaks at 415 cm1 corresponds to the metal–oxygen–
metal bond (M–O–M) (Saberi et al., 2008). This band can also
be related to the stretching vibration absorption spectrum of
Ce(Zr)–O. Since this peak changes with increasing Ni content,
therefore attribution of this peak to Ni–O–Ni is more likely.
This peak got sharper with increasing Ni content that reveals
more crystalline structure of NiO at high Ni loadings. This
observation is exactly consistent with XRD result.
3.2. Catalytic performance of synthesized nanocatalysts for
oxidation of phenol
3.2.1. Effect of different loadings of Ni
Fig. 7 displays effect of active phase loading (Ni) on catalytic
performance of Ni/CeO2–ZrO2 nanocatalyst. Blank experi-
ments with CeO2–ZrO2 proved that the support was weakly
active in the oxidation of phenol at 160 C. Phenol conversion
stabilized around 11.4% with 0% Ni. It can be seen that the
doping of Ni species on the CeO2–ZrO2 improved catalytic
activity for CWAO of phenol. Phenol conversion increased
with the increase of active phase. The active phase dispersion
on the support might vary as a function of the active phase
loading and the catalytic performances might be consequently
affected. After 3 h reaction, the phenol conversions werehenol over ultrasound-assisted synthesized Ni/CeO2–ZrO2 nanocatalyst used in
16/j.arabjc.2014.10.043
Figure 4 FESEM images of Ni/CeO2–ZrO2 nanocatalysts with different loadings of nickel (a) 0%, (b) 5%, (c) 10%, (d) 15% and (e)
20%.
6 M. Parvas et al.29.5% over 20wt % Ni nanocatalyst. Phenol removal percent
did not noticeably change with increasing Ni content from
15% to 20% wt. According to FESEM micrographs ofPlease cite this article in press as: Parvas, M. et al., Catalytic wet air oxidation of p
wastewater treatment. Arabian Journal of Chemistry (2014), http://dx.doi.org/10.10attributed samples, appearance of agglomerated particles in
20% wt Ni sample, lowered the available active sites and
declined the catalyst reactivity in this case.henol over ultrasound-assisted synthesized Ni/CeO2–ZrO2 nanocatalyst used in
16/j.arabjc.2014.10.043
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Catalytic wet air oxidation of phenol 73.2.2. Effect of nanocatalyst loading
The effect of catalyst loading on the activity of NiO(15wt%)/
CeO2–ZrO2 is illustrated in Fig. 8. Nanocatalyst loading is
one of the important parameters in kinetics of chemical reac-
tions. We have found that the efﬁciency of CWAO of phenol
increased with nanocatalyst loading from 1.0 to 9.0 g/l, but
decreased when the loading was increased to 10.0 g/l. Higher
nanocatalyst loadings correspond to higher active sites and it
is expected to increase the removal of phenol, however, as can
be seen, an optimum phenol removal at 9.0 g/l of nanocatalystPlease cite this article in press as: Parvas, M. et al., Catalytic wet air oxidation of p
wastewater treatment. Arabian Journal of Chemistry (2014), http://dx.doi.org/10.10loading exists. Therefore, increasing the nanocatalyst loading
did not necessarily increase the phenol removal. In fact, higher
nanocatalyst loading may cause mass transfer limitations and
on the other hand some parts of nanocatalysts may not incor-
porate in the reaction.
3.3. Reaction network of phenol oxidation over synthesized
nanocatalysts
The catalytic wet air oxidation of organics is widely acknowl-
edged to proceed via a free-radical chain reaction mechanism
(Chang et al., 2003; Lin et al., 2003; Lin and Weng, 1994;
Rivas et al., 1998) and the condition of stationary free radical
concentration is usually assumed (Chang et al., 2002; Lin andhenol over ultrasound-assisted synthesized Ni/CeO2–ZrO2 nanocatalyst used in
16/j.arabjc.2014.10.043
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Figure 8 Effect of catalyst loading on the catalytic performance
of Ni/CeO2–ZrO2 nanocatalysts for phenol conversion.
8 M. Parvas et al.Weng, 1993). The critical nanocatalyst concentration phenom-
enon as observed in this work, is one of the characteristics of
free radical chain reaction, in which a slight change in nanocat-
alyst loading (active phase loading and nanocatalyst loading in
reactor) induces a noticeable change in the rate of process
(Sadana, 1979). According to this mechanism, the nanocata-
lyst simultaneously plays dual roles of initiator and terminator
of free radicals. The rate of free radical formation is dependent
on the amount of active sites over the nanocatalyst. The
amount of active sites varies with transition metal content
and/or nanocatalyst loading. Because the free radicals are ini-
tially induced by nanocatalyst, hence the rate of free radical
formation, as well as the rate of phenol conversion, will
increase as the nanocatalyst loading is increased. Besides, the
rate of free radical formation competes with the rate of free
radical destruction and both the formation rate and the
destruction rate increase with nanocatalyst loading. The solidFigure 9 Simpliﬁed reaction pathway for CWAO of ph
Please cite this article in press as: Parvas, M. et al., Catalytic wet air oxidation of p
wastewater treatment. Arabian Journal of Chemistry (2014), http://dx.doi.org/10.10nanocatalyst simultaneously plays the role of terminator for
free radicals as well. Thus the destruction rate of free radicals
increases with nanocatalyst loading, too. However, at a lower
nanocatalyst loading (9.0 g/l), free radical formation is higher,
while at a higher loading (10.0 g/l), free radical destruction
dominates. Hence there exists an optimal loading (Chang
et al., 2005; Lin et al., 2003).
A reaction undergoing free radical mechanism consists of
initiation, propagation and termination periods. The electron
is ﬁrst transferred from nanocatalyst to phenol to initiate the
free radicals. Then the free radicals are propagated by reacting
with phenol and oxygen. Finally, free radicals are terminated
by colliding with each other (Wu et al., 2003). The redox
potential of the Ce4+/Ce3+ couple is a main factor to promote
the oxidation. Substitution of the Ce4+ atoms by the smaller
Zr4+ atoms in CeO2–ZrO2 mixed oxide reduces the redox
potential. So electron transfer between Ce4+ and Ce3+ will
be easier and therefore oxygen transfer will be faster. As can
be seen in Fig. 9 the role of CeO2–ZrO2 mixed oxide support
in free radical mechanism of phenol wet air oxidation was
ascribed to be in the activation of phenol molecule and oxygen.
CeO2–ZrO2 mixed oxide support allows a fast initial degrada-
tion of phenol into intermediate products, followed by a slow
oxidation of the intermediate compounds into low molecular
weight organic acids, CO2 and water. Ni has a similar role in
the activation of phenol and oxygen also because after
introduction of Ni to the support, the amount of phenol deg-
radation increased (see Section 3.2.1). Although Ni can
accelerate oxygen transfer via Ni+2/Ni+1 redox but produced
free radicals because of CeO2–ZrO2 mixed oxide will be cap-
tured by Ni particles as well. Another role of Ni may be the
enhancement of the rate of oxidation of small organic com-
pounds that are resistant and not easily degraded by the
CeO2–ZrO2 mixed oxide support (Gallezot et al., 1997; Jr
et al., 1998). According to less favorable Ni+2/Ni+1 redox
potential, we assume latter role is more dominant in minerali-
zation of phenol to CO2 and H2.enol over synthesized Ni/CeO2–ZrO2 nanocatalysts.
henol over ultrasound-assisted synthesized Ni/CeO2–ZrO2 nanocatalyst used in
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Catalytic wet air oxidation of phenol 94. Conclusions
The main ﬁndings of this study can be summarized as follows:
 According to XRD, existence of CeO2–ZrO2 mixed oxide in
Ni/CeO2–ZrO2 nanocatalyst was conﬁrmed.
 In Ni/CeO2–ZrO2 nanocatalyst, Ni existed as NiO and
while the crystallinity of NiO enhanced with rising in Ni
content, the size of NiO crystals did not signiﬁcantly
change.
 Big agglomeration of particles with irregular shape and size
was observed in the nanocatalyst with lower Ni contents.
With increasing Ni content, big agglomerated particles con-
verted to smaller particles and the structure of nanocatalyst
particles improved.
 The IR peaks attributed to Ni–O–Ni, got sharper with
increasing Ni content that reveals more crystalline structure
of NiO at high Ni loadings, consistent with XRD result.
 Doping of Ni on the CeO2–ZrO2 mixed oxide improved cat-
alytic activity for CWAO of phenol and its conversion
increased with the rising of active phase content.
 There was an optimum in removal of phenol at 9.0 g/l of
nanocatalyst loading that means increasing the nanocata-
lyst loading not necessarily increases the phenol removal.
 A reaction pathway was proposed for CWAO of phenol
based on dual role for Ni: activating of phenol and oxygen
(similar to role of CeO2–ZrO2 support) and converting of
refractory intermediates produced over CeO2–ZrO2
support.
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